ABSTRACT
INTRODUCTION
Grain drying is the most important pre-processing treatment prior to storing grains for a longer period of time. It is noteworthy that drying as a process of grain preservation incurs high financial costs. The energy required for moisture evaporation, alongside that lost in exit airstreams, accounts for most of the energy requirements of a convective dryer. According to Danilov and Leontchik (1986) and Mujumdar (2014) , only 20 to 60 % of the heat supplied to the dryer is used for moisture evaporation, whereas 5 to 25 % is used for material heating, 15 to 40 % for heat losses via the exhaust air, 3 to 10 % for heat losses from dryer walls to the atmosphere, and 5 to 20 % for other losses. Although convective grain drying with preheated air is expensive, it is still a dominant pre-processing treatment. According to Katić (1997) , the share of grain drying costs can claim up to 25-30% of the total production costs. Nowadays, considerable efforts are expended to achieve energy consumption and cost reductions in drying procedures. One of such attempts is to improve the construction of hot air dryers using different construction and insulation materials, or the energy recirculation and recuperation. Another means to achieve energy consumption and cost reductions is the application of different methods for drying such as radio frequency, laser light, NIR, microwave and vacuum drying. According to Čikić et al. (2013) , the vacuum system is the best solution for the removal of the vapour produced in processes where heat can be supplied by radiation or conduction. Starzycki et al. (2005) indicate that alternative energy sources such as low-power lasers could be a feasible tool to perform the pre-drying process. Electromagnetic radiation drying is quite different from convectional drying. Electromagnetic waves can be absorbed, transmitted, or reflected by grains. However, electromagnetic radiation properties (absorptivity, reflectivity and transmissivity) can vary with wavelength, the type of grains and the moisture content of grains. During electromagnetic radiation drying, the energy is transferred directly to the material being heated, and thus is not expended by heating the air, oven walls or other equipment items as in conventional drying methods (Mujumdar, 2014) . Therefore, this kind of drying is conducive to energy savings. According to Hernández et al. (2006) , the laser output power greater than 1 mW has been found potentially destructive. It can permanently damage the human eye and affect the proper vision. Consequently, treatments with the laser output power greater than 1 mW requires compliance with the prescribed safety measures. Jović et al. (2006) also argue that lasers with greater power can permanently damage the grain even if the exposure period is very short. Same authors also state that, although a laser illuminates only one side of the grain, the surface layer of the grain can disperses the laser beams around the entire surface of the grain, thus reducing the treatment duration. Nenadić et al. (2008) report that different grain types do not disperse laser light in the same manner due to differences in the surface structure. In addition to moisture content removal, laser beams can also be successfully applied to the fungi removing process and to sprout stimulation (Jović et al. (2006) , Nenadić et al. (2007) and Nenadić et al. (2008) . The balance between the laser power and its biological effect on the materials treated require further in-depth research. Therefore, the primary purpose of this study is to explore the energy efficiency of the laser application to barley grain drying.
MATERIAL AND METHOD
Barley grains of the cultivar 'Gazda' were manually cleaned from filth and other materials. Only whole, healthy and undamaged grains were considered for treatment. In order to prepare the samples with moisture contents of approximately 18 %, 20 % and 25 %, grains had to be conditioned. Distilled water was used to increase the grain moisture contents as follows:
where -M V is the amount of distilled water in grams (ml), -M U is the mass of the sample in grams, -w 1 is the initial moisture of the sample (%), -w 2 is the expected moisture of the sample after adding distilled water (%). Grain samples were conditioned in hermetically sealed glass containers kept at an air temperature of about +5 °C (±1 °C) for 5 days and periodically shaken to homogenize the grains. Accordingly, barley grains were fixed at moisture contents of 18.12 %, 20.33 % and 25.25 %. The sample moisture contents were determined according to the HRN ISO 6540:2002 procedure using the laboratory dryer INKO ST40T in the temperature range from 130 °C to 133 °C and at atmospheric pressure during 90 (60 + 30) minutes until the mass of the substance remained constant.
The laboratory laser set-up is shown in Figure 1 .
Fig. 1 Laboratory set-up for the stationary laser beam treatment of grains
A laser beam source and a micro-objective are two main pieces of the treatment equipment. A total of two laser beam sources with output powers of 100 mW (model HLM1845) and 200 mW (model HLP18130) were used to expose barley grains to the laser beam energy. Both laser beam sources have the same output light wavelength of 650 nm, in the red visible part of the light spectrum. Different power outputs were used to determine the effect of power on the moisture removal process. The elementary (thin) layer of grains, containing from 272 to 350 grains, was placed in the illuminated area (100 mm in diameter under the laser source). The distance (LM) between the laser source and the micro-objective was 70 mm, whereas the distance (MK) between the micro-objective and the grain sample was 320 mm. The grain plate was placed on the laboratory analytical balance (Sartorius BP 221S, Göttingen, Germany) with a measurement accuracy class I scale interval of 0.1 mg. Grains were illuminated only from one side for 60 seconds. During the drying process, reductions in the mass of the samples were measured and recorded after the end of the treatment. During the drying process, the laboratory environment humidity was between 77-80 % and atmosphere pressure approximated to 1012 hPa. Dinoev et al. (2004) found that physiological changes occurring in the treated plant material mostly depend on the laser radiation type, its wavelength and intensity. During these experiments, the illuminated area surface (100 mm in diameter) is calculated as follows: . The results obtained for the individual grain surface directly exposed to laser radiation are shown in Table 1 . On the basis of the illuminated surface of the individual grains (calculated using the graph paper) and the total number of grains in the elementary layer, the active surface of elementary layer and the intensity of laser radiation per active surface were calculated. The results obtained are shown in Table 2 . The photon numbers from the individual laser sources were as follows: On the basis of the laser output power and the treatment period, the total energy emitted by the laser light source during 60 seconds was calculated. Therefore, the energies emitted during the treatment period were 6 J and 12 J for a 100 mW laser and a 200 mW, respectively. The amounts of energy emitted by selected lasers are relatively small, thus the thermal effect of lasers is negligible. Therefore, it can be concluded that the laser impact on the plant material is based solely on biostimulation. The evaporated moisture content was measured to determine energy consumption, and the results obtained are shown in Tab. 3 as the means of 30 repetitions. On the basis of the amount of evaporated water and the amount of the energy of laser radiation expanded, the energy needed for water evaporation from the barley grains in the elementary layer was determined. On the bases of the average energy consumption of convective industrial dryers, i.e. 4,200 kJ per 1 kg of evaporated water (Katić 1997) , a comparison of the energy consumption was made between convective and laser drying. The results obtained are shown in Tab. 4. According to the results obtained, at least the effective part of drying by laser radiation, as in the convective methods, is at the end of the drying process when two thirds of the time is spent to remove the last third of the water. The results of the 100 mW laser application are favourable, especially in grains with higher moisture content. The energy consumption decreased by 51 % in grains with a moisture content of 25 %. No energy savings were achieved using a 200 mW laser. Moore et al., (2011) report that the reason for this is a better energy transfer in laser drying methods than in convective drying, probably due to the Förster -Dexter's energy transmission in dipole molecules in laser-stimulated organic materials. In addition to energy savings at higher levels of moisture, the efficiency of laser drying needs to be considered.
RESULTS AND DISCUSSION
A
CONCLUSION
A type of directed energy transfer with a drying effect on barley grains was recorded especially at higher levels of the grain moisture content. In addition to energy savings, the efficiency of laser drying needs to be considered. The results obtained show a viable possibility of applying laser radiation to technological processes preceding convective drying. The laser radiation pre-treatment can stimulate the migration of moisture from the interior to the surface of the material, thus allowing for the greater efficiency of convective drying. Furthermore, this method of pretreatment creates favourable conditions for the process automation, leading to an increase in the drying efficiency and financial savings. 
